Ionizing radiation is a well known risk factor of thyroid cancer development, but the mechanism of radiation induced carcinogenesis is not clear. The RET/PTC oncogene, an activated form of the RET proto-oncogene, is frequently observed in papillary thyroid carcinoma (PTC); RET/PTC1, -2 and -3 are known to be the three major forms. High frequencies of RET/PTC rearrangements have been observed in radiation-associated PTC, such as those appearing post-Chernobyl or post-radiotherapy, but the rearrangement types dier between these two populations. We investigated whether a speci®c type of RET/PTC rearrangement was induced by X-rays in vivo and in vitro. In human normal thyroid tissues transplanted in scid mice, the RET/PTC1 rearrangement was predominantly detected throughout the observation period (up to 60 days) after X-ray exposure of 50 Gy. On the other hand, RET/PTC3 was detected only 7 days after X-irradiation, and no transcript of RET/PTC2 was detected. These results are supported by the results of an in vitro study. The RET/PTC1 rearrangement was preferentially induced in a dose-dependent manner by X-rays within a high dose range (10, 50 and 100 Gy) in four cell lines. On the other hand, RET/PTC3 was induced at a much lower frequency, and no induction of RET/PTC2 was observed. These results suggest that the preferential induction of the RET/PTC1 rearrangement may play an important role in the early steps of thyroid carcinogenesis induced by acute X-irradiation. Oncogene (2000) 19, 438 ± 443.
Introduction
Thyroid cancer is one of the well known malignancies associated with radiation exposure, as supported by epidemiological studies on atomic-bomb survivors and on patients who received external radiation therapy (Hancock et al., 1995; Preston et al., 1994; Ron et al., 1995; Thompson et al., 1994; Tucker et al., 1991) . This has also been con®rmed by the large increase in childhood thyroid cancers in the contaminated areas around Chernobyl after the 1986 nuclear reactor accident (Williams, 1994) .
Like other cancers, there are several gene alterations thought to be involved in thyroid carcinogenesis. Among them, the RET gene rearrangement is strongly associated with papillary thyroid carcinoma (PTC). The RET gene encodes a transmembrane tyrosine kinase receptor whose expression and function is normally restricted to a subset of cells derived from the neural crest. The RET proto-oncogene in papillary carcinoma is activated by fusion with other genes via rearrangements. Major types of rearrangements are RET/PTC1, RET/PTC2, and RET/PTC3. RET/PTC1 is formed by fusion of 5'-terminal sequences of an uncharacterized gene, H4, with the tyrosine kinase (TK) domain of RET through a paracentric inversion of the long arm of chromosome 10 (Grieco et al., 1990) . RET/PTC2 is formed by fusion of the TK domain of RET and the 5'-terminal sequences of the regulatory subunit RIa of c-AMP-dependent protein kinase A, located on chromosome 17 (Bongarzone et al., 1993) . RET/PTC3 is a chimeric gene of the TK domain of RET and the N-terminal region of the ELE1 gene located on chromosome 10 Santoro et al., 1994) . Since all these partner genes of RET rearrangements are ubiquitously expressed, their fusion to RET causes the constitutive expression of RET, resulting in ligand-independent tyrosine kinase activity.
Recently, high prevalence of RET/PTC rearrangements, especially RET/PTC3 was observed in PTC among children from the areas contaminated by the Chernobyl nuclear disaster (Fugazzola et al., 1995; Ito et al., 1994; Klugbauer et al., 1995; Nikiforov et al., 1997) . The average frequencies of RET/PTC1, -2 and -3 in sporadic PTC are 15, 0.5 and 7%, respectively (Bounacer et al., 1997; Kitamura et al., 1999; Learoyd et al., 1998; Mayr et al., 1998; Motomura et al., 1998; Nikiforov et al., 1997; Smida et al., 1999; Sugg et al., 1996) , whereas in post-Chernobyl PTC, the average frequencies are 15, 4 and 61%, respectively (Fugazzola et al., 1995; Klugbauer et al., 1995; Nikiforov et al., 1997) . Thus, it appears that RET/PTC3 may be more strongly associated with radiation-induced thyroid cancer than RET/PTC1. Interestingly, the frequency of RET/PTC1, -2 and -3 in PTC that developed in children and young adults who received radiation therapy was 63, 10 and 10% (Bounacer et al., 1997) , suggesting that RET/PTC1 and not RET/PTC3 is the radiation-associated rearrangement. Such con¯icting results raise the question of which type of RET/PTC is the radiation-speci®c alteration. Although in previous studies we did not analyse the induction frequency of RET/PTC2 and -3 rearrangements by X-irradiation, we did demonstrate that in vitro and in vivo X-irradiation induced RET/PTC1 in two tumor cell lines and in normal thyroid tissues transplanted into scid mice, respectively (Ito et al., 1993a; Mizuno et al., 1997) . These ®ndings strongly suggest that RET/ PTC1 rearrangements can be directly induced by radiation exposure and are involved in the early steps of thyroid carcinogenesis. It is apparent that the predominant subtype of RET/PTC rearrangements observed in various studies are dierent. Therefore, we raise the hypothesis that there are preferential rearrangements of RET/PTC subtypes induced by radiation. In this study, we analysed the frequency of three types of RET/PTC rearrangements by X-ray exposure in vivo and in vitro to test this hypothesis.
Results
The RT ± PCR for RET/PTC1 was able to detect one RET/PTC1-positive cell among 10 6 negative cells. Since cells with RET/PTC2 or -3 were not available, we used plasmids containing either of these two cDNAs for the sensitivity check. For these two genes, the ampli®ed bands were detected when there were at least ten and two copies of plasmid DNA for RET/PTC2 and -3, respectively, mixed with 10 6 negative cells. To check for induction of rearrangements in vivo, we analysed the frequency of the three types of RET/PTC rearrangements in human thyroid tissues grafted into scid mice and exposed to 50 Gy of X-rays (Figure 1 ). To make the tissue sizes as uniform as possible for each RT ± PCR analysis, an irradiated thyroid tissue was cut into several pieces and RNA was extracted from each tissue piece. The frequency of RET/PTC rearrangements per tissue piece is shown in Figure 1a . Only the RET/PTC1 transcript was observed in tissue pieces 2 days after exposure, and continuous expression of RET/PTC1 was observed as late as 60 days after Xirradiation. On the other hand, RET/PTC2 was not detectable in any tissue piece throughout the observation periods, and RET/PTC3 was observed only 7 days after X-irradiation. The frequency of RET/PTC is replotted in Figure 1b for each transplanted tissue sample as a whole. The frequency of tissues with any RET/PTC rearrangements increased after X-irradiation. Additionally, the number of RET/PTC1 positive tissue pieces originating from the same transplanted tissue also increased with the time after exposure (Table 1) suggesting clonal expansion.
Next, we analysed the induction frequency of three types of RET/PTC rearrangements in vitro; RET/PTC1, -2 and -3 in cell lines exposed to X-ray doses of 0, 10, 50 and 100 Gy. We used four cell lines in this study, that are originated from not only thyroid but also from other tissues: 8505C (thyroid carcinoma), Daudi (Burkitt lymphoma), G-401 (Wilms' tumor), and HT1080 (®brosarcoma). None of the four cell lines had any type of RET rearrangement in the untreated condition. We identi®ed the induced products as RET/ PTC rearrangements by direct sequencing. Figure 2 shows the results of 100-Gy irradiated samples; each lane represents the results from *10 7 cells. Table 2 summarizes the data for each dose. There was little dierence among these four cell lines in the induction frequency of each respective RET/PTC type. No transcripts of RET/PTC2 were detectable in all four cell lines using 1610 8 cells per cell line exposed with 0, 10, 50 and 100 Gy of X-rays. In the case of RET/PTC1, one, eight and 20 samples showed ampli®ed bands corresponding to RET/PTC1 from a total of 4610 8 cells X-irradiated with 10, 50 and 100 Gy, respectively. On the other hand, three samples showed an ampli®ed band of RET/PTC3 in only the 100-Gy irradiated cells. Assuming, for a rough comparison, that a positive band resulted from a RET/PTC rearrangement in a single cell among the 10 7 cells loaded per lane, the average induction frequency of RET/PTC1 was dose dependent: 2.5610 79 at 10 Gy, 2610 78 at 50 Gy, and 5610 78 at 100 Gy. The frequency of RET/PTC2 was less than 2.5610
79
, and that of RET/PTC3 was 7.5610 79 at 100 Gy, which is at least 20 and seven times lower than that of RET/PTC1, respectively.
Among the induced RET/PTC1 rearrangements, we observed two types of rearrangements; their schematic diagrams are shown in Figure 3 . One is a typical rearrangement between H4 exon 1 and RET exon 12, and the other is an atypical one between H4 exon 2 and RET exon 12 (lane 1 of 8505C and G401 in Figure  2 ). These results agree with previous observations following in vitro (Ito et al., 1993a) and in vivo Xirradiation (Mizuno et al., 1997) . Unlike RET/PTC1, only one type of RET/PTC3 rearrangement between ELE1 exon 5 and RET exon 12, was observed.
The RET/PTC2 is caused by a reciprocal translocation and the other two, RET/PTC1 and -3, are caused by an Figure 1 Subtypes of RET/PTC rearrangements in thyroid tissues transplanted into scid mice after X-ray irradiation in vivo. *Shows the unexposed control samples. Since the engraftments were of various sizes, each transplanted tissue was divided into several pieces to make as uniform as possible each RT ± PCR analysis. (a) The percentage of positive tissue pieces of each RET/PTC rearrangement was calculated against total tissue pieces in each group. RET/PTC2 was not observed in these tissue pieces. (b) The percentage of RET/PTC positive tissues was calculated from grafted tissues consisted of tissue pieces with any RET/PTC rearrangements against the total analysed grafted tissues in each group Preferential induction of RET/PTC1 by radiation T Mizuno et al inversion. It is possible that an inversion rather than a translocation is more prone to occur by irradiation. Therefore, the BCR ± ABL fusion gene was also observed in addition to RET/PTC. BCR ± ABL is the well-known product of a reciprocal translocation between chromosome 9 and 22 associated with chronic myelogenous leukemia (CML) (Chan et al., 1987; de Klein et al., 1982) .
Since CML shows high risk in radiation exposure, we checked the induction frequency of BCR ± ABL in these four cell lines as well as RET/PTC rearrangements (Table 3) . From the same previous calculation, the induction frequency of BCR ± ABL was similar to that of RET/PTC1: 5610 79 at 10 Gy, 1.4610 78 at 50 Gy and 4.2610 78 at 100 Gy. Six tissue specimens 31 9 0 RET/PTC2 rearrangement was not detected throughout the observation periods. *Each tissue represents a separate site of engraftment. **Tissues were cut into 2-mm pieces (about 10 mg) and RNA was extracted from each in separate tubes. ***0 day shows the unexposed control samples
Preferential induction of RET/PTC1 by radiation T Mizuno et al

Discussion
From the analyses of the three major types of RET/ PTC rearrangements associated with PTC, we have demonstrated in the present study that RET/PTC1 was predominantly induced compared to the other two types in transplanted thyroid tissues by X-irradiation. This phenomenon could be reproduced in vitro using BCR-ABL 8505C 0/11 0/11 3/12 6/12 Daudi 0/10 0/9 0/10 3/10 G401 0/9 1/10 1/10 3/11 HT1080 0/10 1/10 2/10 6/10 *Number of tubes in which each rearrangement was detected per total number of analysed tubes. RT ± PCR was performed on each tube using RNA extracted from about 10 7 cells; a total of 10 8 cells was analysed Figure 3 Schematic diagram of sequenced RET/PTC1 and -3 rearrangements induced by X-irradiation in Figure 2 . Two types of RET/PTC1 (typical and atypical) rearrangements were detected. Atypical RET/PTC1 rearrangements are seen in lane 1 in 8505C and G401, and the rest were all typical forms. Induced RET/PTC3 rearrangements were all typical forms In addition to RET/PTC rearrangement, BCR ± ABL is able to be induced with a similar frequency as RET/ PTC1. The preferentially induced RET/PTC1 and BCR ± ABL rearrangements compared to RET/PTC3 may be in part due to a dierence in intron length. In RET/PTC1, the rearrangement between RET and H4 occurs within the 2-kb intron 11 of RET and the very large (50*70-kb) intron 1 of H4 (Grieco et al., 1990) . In BCR ± ABL, the rearrangement between BCR and ABL occurs within the 5.8-kb intron of BCR and the huge 200-kb intron of ABL (Heisterkamp et al., 1988; Morris et al., 1990) . On the other hand, RET/PTC3 occurs by rearrangement between the 2-kb intron 11 of RET and the merely 1.7-kb intron 5 of ELE1 (Minoletti et al., 1994) . Therefore, it is possible that the dierence in the frequency of RET/PTC1 and BCR/ABL versus RET/ PTC3 induced by acute X-irradiation may depend on the length of the intron, where breaking and rejoining occur to form the functional fusion gene. Our results agree with the observation by Bounacer et al. (1997) that RET/PTC1 was predominant in patients who received external radiation exposure. The contribution of a dierential sensitivity in detecting the dierent rearranged types should not alter the conclusion of this study because detection of RET/PTC1 was the least sensitive of the three types. We do not know the exact copy number in a TPC-1 cell, but a rough calculation gives many more than ten copies per cell. Northern blot analysis can detect 1*10 pg or 10 6 *10 7 copies of a single mRNA species of 3 kb. Since RET/PTC1 mRNA in TPC-1 cells can be detected using 10 mg of total RNA, which represents *5610 5 cells, there should be approximately 20*200 copies per cell. Also, no RET/ PTC2 was detected even when the amount of starting RNA used for RT ± PCR was increased by sixfold. Interestingly, recent observations have reported an increase in the frequency of RET/PTC1 in postChernobyl childhood PTC in comparison with previous reports (Pisarchik et al., 1998; Smida et al., 1999) . Therefore, the high prevalence of RET/PTC3 may re¯ect radiation-associated PTC with short latency, whereas RET/PTC1 may be related with later occurring PTC.
Analyses of genomic DNA fusion sites of RET/ PTC3 rearrangements in sporadic and post-Cherbobyl PTC have revealed a unique distribution of breakpoints (Bongarzone et al., 1997; Smanik et al., 1995) . Ionizing radiation causes breaks and gaps in DNA, and such damage are the precursors of rearrangements through the recombination processes. Nevertheless, more extensive analysis of dierent types of rearrangements in variously induced PTC will provide useful information on the mechanisms of fusion gene production by radiation exposure.
We have demonstrated that there is preferential induction of RET/PTC1 in radiation-exposed cells. The SCID-hu mouse model, which permits experimental study of transplanted human normal tissue, is a unique and useful model for the investigation of the dynamics of human carcinogenesis in various tissues. From our previous (Mizuno et al., 1997) and present studies using this SCID-hu mouse model, we have observed that in transplanted human normal thyroid tissues exposed to high-dose radiation of 50 Gy, preferentially induced RET/PTC1 transcripts were continuously expressed for 2 months. The number of separately analysed tissue pieces with RET/PTC1 rearrangements from the same transplanted thyroid tissue increased with the time after exposure. These results suggest that at least cells with RET/PTC1 rearrangement were able to clonally expand during the 2 months by acquisition of growth/survival advantage. Such cells are the potential origins of malignancy after accumulation of adequate alterations. Although sample size was small, the number of grafted tissues with RET/PTC arrangements also increased with the time after exposure. It has been reported that cells exposed to ionizing radiation can develop prolonged genetic instability (Murnane, 1996) . Therefore, this increase in frequency of RET/PTC rearrangements detected in the tissues with the time after exposure may also be a re¯ection of such phenomena as genetic instability by radiation. To elucidate the mechanisms of radiation-induced thyroid carcinogenesis, it will be necessary to investigate both genetic and epigenetic alterations in addition to RET rearrangements following irradiation. Future analyses should provide us with a novel look at radiation-induced thyroid carcinogenesis.
Materials and methods
X-irradiation
The X-ray generator (Shimadzu WSI-250S, Kyoto) was operated at 220 kVp. 8 mA with a 0.5 mm Al and 0.3 mm Cu ®lter; the dose rate was about 2.7 Gy/min.
Thyroid tissues grafted into scid mice
The procedure of human thyroid tissue engraftment into scid mice has been previously described (Mizuno et al., 1997) . Three to 17 months post-implantation, the area of transplanted tissue was locally irradiated with 50 Gy of Xray in anesthetized mice. The tissues were collected at various times after irradiation (2 days, 7 days and 2 months), and total RNA was extracted using ISOGEN (Wako, Tokyo, Japan) from each of the cut tissue pieces. About one-®fth of the RNA was used to detect each RET/PTC rearrangement.
Cells
The TPC-1 cell line, established from the PTC of thyroid and having a RET/PTC1 rearrangement, was used as a positive control (Ishizaka et al., 1990) . Four cell lines without RET/ PTC rearrangements, the 8505C (undierentiated thyroid carcinoma cell line), the Daudi (Burkitt lymphoma cell line), the G-401 (Wilms' tumor cell line), and the HT1080 (®brosarcoma cell line), were used for the induction study. Actively growing cells were irradiated with 0, 10, 50 and 100 Gy in a 9-cm dish on ice and were subsequently cultured for 48 h. The RNA isolation method has been previously described (Ito et al., 1993a) . About 10 7 cells for each dose point were collected into tubes and 10 8 cells were used for total RNA extraction. Approximately 15 mg of RNA (one tenth of total RNA extracted from 10 7 cells) were used for detection of each rearrangement by RT ± PCR.
Reverse transcription polymerase chain reaction (RT ± PCR)
Ampli®cation of the RET/PTC1 and BCR ± ABL rearrangements was accomplished as described previously (Ito et al.,
Preferential induction of RET/PTC1 by radiation T Mizuno et al 1993a,b) , and ampli®cation of the RET/PTC2 and -3 was done in a corresponding fashion using the respective primer set. PCR primers used in this study and their sequences are listed in Table  3 . Positive controls for ampli®cation were RNA from the TPC-1 cell line with a RET/PTC1 rearrangement and cloned vectors containing RET/PTC2 and RET/PTC3 rearranged genes kindly provided by Dr Sissy Jhiang (The Ohio State University, Columbus, OH, USA). Our assay system is sensitive enough to detect the RNA of one TPC-1 cell for RET/PTC1, ten copies of plasmid DNA for RET/PTC2, and two copies for RET/PTC3 in 10 6 negative cells. After electrophoresis of the PCR products, any positive band detected was sequenced by direct sequencing.
Direct sequencing
After puri®cation of the PCR products by the QIAEX puri®cation kit (QIAGEN GmbH, Hilden, Germany), the products were used as templates for sequencing. The primers were labeled at their 5' ends with g-32 P-ATP by T4 polynucleotide kinase. The nucleotide sequencing was performed using a dsDNA cycle sequencing system (GIBCO BRL, Gaithersburg, MD, USA).
